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Abstract 
The paper presents results of research on inverse kinematics algorithms to be 
used in a functional model of a cucumber harvesting robot consisting of a redundant 
manipulator with one prismatic and six rotational joints (P6R). Within a first 
generic approach, the inverse kinematics problem was reformulated as a non-linear 
programming problem and solved with a generic algorithm. Solutions were easily 
obtained, but the considerable calculation time needed to solve the problem 
prevented on line implementation. To circumvent this problem, a second, less 
generic approach was developed consisting of a mixed numerical-analytic solution of 
the inverse kinematics problem exploiting the particular structure of the P6R 
manipulator. This approach facilitated rapid and robust calculation of the inverse 
kinematics of the cucumber harvester. During the early stages of the cucumber 
harvesting project, this inverse kinematics algorithm was used to off-line evaluate 
the ability of the robot to harvest cucumbers using 3D-information of a cucumber 
crop obtained in a real greenhouse. Thereafter, the algorithm was employed 
successfully in a functional model of the cucumber harvester to determine if 
cucumbers were hanging within the reachable workspace of the robot and to 
determine a collision-free harvest posture to be used for motion control of the 
manipulator during harvesting. 
 
INTRODUCTION 
In 1996, at the former Institute of Agricultural and Environmental Engineering 
(IMAG), research was initiated on the development of an autonomous cucumber 
harvesting robot supported by the Dutch Ministry of Agriculture, Nature and Food 
Quality. The reduction of labour costs, problems with the availability of skilled labour 
and the need to improve the production process in a quantitative as well as a qualitative 
sense, were main driving forces for automation. Various aspects of the development of 
this agro-robotic system such as the adoption of a new cultivation system, economics, 
logistics and, last but not least, the robot technology have been reported throughout the 
years (Van Henten et al., 2002,2003a). A field test of the robot was reported by Van 
Henten et al. (2003b). 
This paper focuses on one particular aspect of the cucumber harvesting robot that 
has not been reported so far, i.e. the calculation of the inverse kinematics of the 
manipulator. The inverse kinematics deals with calculating the posture of a manipulator 
that results in a required position and orientation of the tool. In the harvesting robot, 
inverse kinematics calculations are used for two purposes. Given the position of a 
harvestable cucumber, these calculations are, first of all, used to determine whether or not 
the cucumber lies within the reachable workspace of the manipulator. Skipping fruit 
outside the workspace saves costly operating time. Secondly, these calculations are used 
to derive a collision-free harvest configuration of the manipulator using information from 
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the vision system about the position and orientation of the cucumber fruit as well as 
information about objects in the workspace. The calculated harvest configuration is then 
used as input for the derivation of a collision-free motion to steer the manipulator during 
the harvest process (Van Henten et al., 2003a).  
The manipulator of the harvest machine involved in this study has seven links, one 
prismatic and six rotational joints (P6R), and has six degrees of freedom (DOF). This 
manipulator structure is redundant, i.e. a multitude of manipulator postures yields the 
same position and orientation of the tool. The advantage of such a manipulator is that it is 
able to avoid collisions in a difficult and cluttered task environment. A disadvantage of 
such a manipulator is the non-existence of an analytic solution of the inverse kinematics 
problem. Only for manipulators having a very particular geometric structure, the inverse 
kinematics problem has a closed form analytic solution (Craig, 1989). This is not the case 
for the manipulator of the cucumber harvester. Alternatively, solutions for the inverse 
kinematics problem can be generated using numerical methods relying on iterative 
procedures (Chapelle and Bidaud, 2004). Solution procedures based on non-linear 
programming are very attractive due to their generic nature. They can easily be adapted to 
different manipulator structures. In this research two different approaches or strategies 
have been used to solve the inverse kinematics problem.  
In a first generic approach, the inverse kinematics problem was transformed into a 
non-linear programming problem that was solved using a Genetic Algorithm (GA). The 
results were promising, though calculation time was found to be prohibitive for on-line 
application. The second, less generic, approach exploited the particular structure of the 
manipulator leading in practice to a mixed numerical-analytic solution for the inverse 
kinematics which includes collision avoidance within very limited computation time. 
Both approaches will be described in this paper. 
 
THE CUCUMBER HARVESTING ROBOT 
Figure 1 shows a functional model of the cucumber harvesting robot. It consists of 
an autonomous vehicle used for coarse positioning of the harvesting machine in the aisles 
of the greenhouse. This vehicle uses the heating pipes as a rail for guidance and support. 
It serves as a mobile platform for carrying power supplies, a pneumatic pump, various 
electronic hardware for data-acquisition and control, a camera vision system for detection 
and localisation of cucumbers and a seven link manipulator for positioning of the end-
effector. The P6R manipulator consists of a linear slide, a prismatic joint, on top of which 
a Mitsubishi RV-E2 manipulator with an anthropomorphic arm and a spherical wrist, with 
in total 6 rotational joints, is mounted. The manipulator carries an end-effector. This end-
effector contains two parts: a gripper to grasp the fruit and a cutting device to detach the 
fruit from the plant. For more constructional details of the harvest robot refer to Van 
Henten et al. (2002). 
The kinematic model of the manipulator was derived using the Denavith-
Hartenberg convention described by Craig (1989). Using this kinematic model, a 3D-
model of the harvest robot was constructed as shown in various figures throughout the 
paper. This model was used for visualisation purposes and served as a basis for a collision 
detection algorithm used during the calculation of the inverse kinematics. Using this 3D-
model, Figure 1 illustrates the redundancy of this manipulator. 
 
INVERSE KINEMATICS: A NON-LINEAR PROGRAMMING SOLUTION 
 
MATERIALS AND METHODS 
For the P6R manipulator of the cucumber harvester, the non-linear programming 
approach boiled down to finding optimal values of the joint translation  and six joint *1d
rotations 
2
*θ , 
3
*θ , 
4
*θ , 
5
*θ , 
6
*θ  and 
7
*θ , satisfying 
 
 580 
 
 
1 2 3 4 5 6 7
* * * * * * *
1 2 3 4 5 6 7 1 2 3 4 5 6 7, , , , , ,
, , , , , , inf ( , , , , , , )
d
d P dθ θ θ θ θ θθ θ θ θ θ θ θ θ θ θ θ θ=                                        (1) 
 
subject to constraints of the form  
 
1,min 1 1,maxd d d< < , ,min ,maxi i iθ θ θ< < , 2,..,7i = .            (2) 
 
The performance criterion  consisted of three terms, one, pos , penalizing 
deviations of the tool position from the desired harvesting position, a second term, ori  , 
penalizing deviations of the tool orientation from the desired harvest orientation and a 
final term, dist , penalizing collisions and close encounters between the manipulator and 
objects in the working environment: 
P P
P
P
 
pos ori distP P P P= + + .            (3) 
 
Since most cucumbers have a more or less vertical orientation, the gripper used 
should have a vertical posture during harvesting. Therefore, it was assumed that four 
degrees of freedom, consisting of three translations and one rotation, would suffice to 
harvest a cucumber. The optimization problem was solved using a genetic algorithm 
programmed in MATLAB®. 
 
RESULTS AND DISCUSSION 
Figure 2 shows two views of an artificial greenhouse environment including the 
harvesting robot, a cucumber to be harvested and several obstacles such as leaves 
represented by stars. In this scenery, a collision-free harvest posture of the manipulator 
was computed using the performance criteria defined above. Figure 3 shows the results of 
two runs in which the algorithm produces two feasible but different postures. Both 
postures are collision-free indeed, however the posture in Figure 3.a has a considerably 
larger free space for manipulator maneuvers than the posture shown in Figure 3.b. In 
terms of the performance criterion (P), the solution shown in Figure 3.a is better, having 
the lowest P value (0.0001467) which was obtained after 170 generations and 750 s on a 
state-of-the-art Pentium PC in the year 2000. Instead, the solution shown in Figure 3.b has 
a poorer performance value (0.0099359) obtained after 1500 generations and 6500 s of 
processing time.  
The main advantage of the non-linear programming approach to solve the inverse 
kinematics problem is its generic nature and flexibility in dealing with different 
manipulator structures. Programming the example presented above was relatively easy, 
straightforward and fast. The research however, revealed two distinct disadvantages. First 
of all, the non-linear programming problem posed in this research appeared to be multi-
modal. Despite the global search properties of the genetic algorithm used, it got stuck in 
local minima during consecutive runs. This may have to do with the particular choice of 
the run-time parameters used in the genetic algorithm and requires further investigation. 
A more dramatic remark on this procedure is that it was found to be too slow for on-line 
implementation in the cucumber harvester. Solving the non-linear programming problem 
relies on a large number of time-consuming iterations. More computing power together 
with more efficient programming languages like C++ in stead of MATLAB® are additional 
ways to improve the performance.  
 
INVERSE KINEMATICS: A MIXED ANALYTIC-NUMERICAL SOLUTION 
 
MATERIALS AND METHODS 
The manipulator of the harvesting robot consists of a Mitsubishi RV-E2 with six 
rotations mounted on top of linear slide. This combination of links is not amenable to a 
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closed form solution of the inverse kinematics. However, the particular structure of the 
6R Mitsubishi RV-E2 manipulator allows for a closed form analytic solution of the 
inverse kinematics because it satisfies the Pieper criterion (Craig, 1989). So, given the 
closed form solution of the inverse kinematics of the RV-E2 manipulator, a discrete 
search in the feasible space of the linear slide might yield a solution for the inverse 
kinematics of the redundant manipulator.  
In practice, to test this idea, a two step approach was implemented. The first step 
consisted of establishing a proper angle for approaching the cucumber. This angle was 
found by scanning the workspace using discrete steps with the last three links of the 
robot, and selecting the collision-free posture yielding a maximal distance between the 
three manipulator components and the surrounding obstacles (Fig. 4) The second step 
consisted of deriving a configuration for the whole seven link manipulator so as to 
achieve the position and orientation obtained during the first step. This configuration was 
obtained by scanning the translation of the linear slide and by calculating the rotations of 
the 6 rotational joints using the closed form solution of the inverse kinematics of the RV-
E2 manipulator. The choice of the best solution was based on a mixture of three criteria: 
collision-free posture, maximum distance between the manipulator and objects in the 
workspace, and, additionally, a maximum amount of freedom in the rotations of the 6 
rotational joints. Results of the two steps discrete scanning process were tabulated, and a 
table search was used to find the solution satisfying all criteria best. Some intermediate 
results are shown in Figure 5. 
 
RESULTS AND DISCUSSION 
Figure 6 shows the final solution of the inverse kinematics using the second 
approach. Comparing Figures 3 and 6 reveals that this solution strongly resembles one of 
the solutions obtained using the non-linear programming approach. However, these 
results were obtained within a second on a state-of-the-art PC in the year 2000. Without 
doubt the mixed numerical-analytic algorithm outperformed the non-linear programming 
algorithm. Calculation times were sufficiently small to allow for on-line implementation 
in the first functional model of the cucumber harvester. But, clearly, this practical 
approach has some drawbacks as well. The approach taken is very specific for the type of 
manipulator used; it does not have a generic nature. Additionally, the algorithm does not 
yet include any recovery measures in case after the discrete scanning steps a feasible 
collision-free solution has not been obtained. In that case, the algorithm returns the 
answer that a solution can not be found. Automatic recovery measures have to be 
developed and implemented. 
 
APPLICATION OF THE INVERSE KINEMATICS ALGORITHM IN PRACTICE 
The inverse kinematics algorithm was used in three applications. First of all, 
during the development phase of the robot, it was used to evaluate the ability of the robot 
to pick cucumbers under various realistic circumstances. Secondly, in the control software 
of the functional model of the harvesting robot, the inverse kinematics algorithm was 
used to determine whether or not a cucumber was located within the (collision-free) 
workspace of the machine. Thirdly, if a cucumber was located within the workspace of 
the robot, the algorithm was used to calculate a collision-free harvest configuration which 
was used as the goal configuration for the robot motion planning algorithm. 
During the design phase, the inverse kinematics algorithm was used for off-line 
evaluation of the ability of the robot to reach cucumbers in a real greenhouse 
environment. In a greenhouse, in which cucumbers were grown in a high-wire growing 
system (Van Henten et al., 2002), stereo images were taken using a standard CCD 
camera. Using a manual feature based matching technique, depth information was 
acquired from these two images. Not all pixel information was used. Individual objects 
like leaves, stems and fruits were represented by an average amount of 15 points of which 
the distance to the camera information was calculated using a neural network. Using this 
information and the collision-free inverse kinematics procedure, harvest postures for the 
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robot were calculated for the cucumbers present in the scene. Results are presented in 
Figure 7. For both cucumbers present in the field of view of the robot, approaching the 
cucumbers was not a guaranteed success. Leaves had to be removed to facilitate a 
collision-free approach. In case of cucumber 1, indicated with C1, both a collision-free 
posture and a collision-free approach could be achieved after removing two leaves, 
indicated with an X, as shown in the figure.  
From these off-line simulation experiments it was concluded that, given the 
limited ability of current robot technology, for automated harvesting, the working 
environment has to be more structured and simplified by manually removing some of the 
leaves at the lower end of the plants. Fortunately, for high-wire training systems this 
already was standard in horticultural practice.  
The performance of the algorithm for the last two tasks mentioned above was 
implicitly evaluated during the field test of the robot as reported by Van Henten et al. 
(2003b). The algorithm was found to be very successful. Only a minority of the failures, 
less than 5% during autonomous harvesting, could be assigned to an incorrect positioning 
of the end-effector due to the inverse kinematics and motion planning software. 
 
CONCLUSION 
In this paper a practical mixed numerical-analytic solution of the inverse 
kinematics problem for a redundant P6R manipulator was presented. Compared to a non-
linear programming solution, this approach yielded feasible answers using very short 
computation times, which made this approach practical for on-line implementation. The 
algorithm has been used during the early stages of robot development to evaluate the 
feasibility of picking cucumbers under real greenhouse environments. Thereafter, the 
algorithm was successfully implemented in the cucumber harvester to determine if the 
cucumbers are located within the workspace of the robot and if so, to produce a feasible 
harvest configuration to be used by the motion planning algorithm of the manipulator. 
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Figures 
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(a) (b) 
Fig. 1. The cucumber harvesting robot: (a) the functional model, (b) the multitude of 
manipulator configurations yielding the same position and orientation of the end-
effector 
 
 
Fig. 2. Two views of a virtual greenhouse workspace with a cucumber, miscellaneous 
objects like leaves denoted by stars and the harvest robot 
 
  
(a) (b) 
Fig. 3. Two feasible solutions of the non-linear programming approach to solve the 
inverse kinematics problem 
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(a) (b) (c) 
   
(d) (e) (f) 
Fig. 4. Scanning the angle of the last three links to obtain a harvest angle with the biggest 
distance between manipulator and objects in the workspace 
 
 
 
 
 
   
 
Fig. 5. Scanning the linear slide in discrete steps to obtain the best manipulator posture 
achieving the predefined angle of the last three links, the largest distance between 
the manipulator and objects in the environment and most freedom of joint 
rotations. 
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Fig. 6. The solution of the inverse kinematics problem using the mixed analytic-numerical 
solution procedure. 
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(a) 
 
(b) 
Fig. 7. The original image (a) and one view (b) of the manipulator posture to pick the 
cucumber indicated with C1; X indicate leaves that had to be removed to 
facilitate a collision-free posture. 
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